
Europalsches Patentamt 
European Patent Office 
Office europd n des brevets 






© Publication number: 0 592 239 A2 



@ 



EUROPEAN PATENT APPLICATION 



© Application number; 93308025.1 
© Date of filing : 08.10.93 



© int ci. 5 : C04B 35/52, C04B 35/80 



3! 

0> 
CO 
CM 

CM 

m 



Q. 

LU 



© Priority : 09.10.92 US 959299 

© Date of publication of application : 
13.04.94 Bulletin 94/15 

© Designated Contracting States : 
DE FR GB NL SE 

© Applicant : AVCO CORPORATION 
40 Westminster Street 
Providence, Rhode Island 02903 (US) 

© Inventor : Thurston, Garrett S. 
36 Highland Avenue 
Lowell, MA 01851 (US) 



Inventor ; Suplinskas, Raymond J. 
1000 North Broadway 
Haverhill, MA 01830 (US) 
Inventor : Carroll, Thomas J. 
22 Granite Avenue 
Salem, New Hampshire 03079 (US) 
Inventor: Connors, Donald F. ( Jr. 
147 Merrimack Meadows Lane 
Tewsbury, MA 01876 (US) 
Inventor : Scaringella, David T. 
485 Martello Road 
Franklin, MA 02038 (US) 
Inventor : Krutenat, Richard C. 
9 Plnehurst Road 
Belmont, MA 02178 (US) 

© Representative : Luckhurst, Anthony Henry 
William 

MARKS & CLERK 57-60 Lincoln's Inn Fields 
London WC2A 3LS (GB) 



© Method and apparatus for densifi cation of porous billets. 

@ A reactor 100 for densifying a porous billet 
includes heating means such as an induction 
coil 104 within the reactor. The billet is im- 
mersed In a precursor liquid contained In the 
reactor. Other heating means such as resistive 
heating may be used, and the heating means 
may be adapted to the shape of the billet The 
heating may be interrupted to control the densi- 
fication process and/or increased as densifi- 
cation proceeds. 
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This invention relates gen rally to the densifica- 
tion of porous billets and more particularly to the heat- 
ing of porous billets while immersed in a liquid used 
for densification. 

Densif ication of porous billets is a technique used 5 
to make composite materials. One particularly useful 
type of porous billet is a fibrous preform as conven- 
tionally used to make fiber reinforced composites. 
Such things as nozzles for rockets and high perfor- 
mance brake pads for aircraft or racing car brakes 10 
have been made by densifying preforms. The fibers 
in these cases are carbon and the material used to 
densif y the preform is also carbon. 

The fibrous preforms consist of reinforcing fibers 
worked into a desirable shape. Many techniques are 15 
known for making preforms. The fibers might, for ex- 
ample, be woven or braided into a desirable shape. Al- 
ternatively, the fibers might be formed into bats which 
are needled into a desired shape. In other techniques, 
the fibers are held together by a sticky substance 20 
such as resin or pitch which is cured or stabilized with 
a reactive gas. The cured matrix is then carbonized by 
heating to a temperature in excess of the decompo- 
sition temperature of the resin. 

Regardless of how the preform is made, tradition- 25 
al densification processes generally involve repeated 
cycles of filling the pores in the preform with precur- 
sor material, curing and then heating the preform until 
the precursor pyrolyzes to carbon or other desirable 
material. Another widely used densification technique 30 
is to place the preform in a precursor gas and then 
heat the preform to pyrolyze the precursor gas as it 
comes in contact with the preform. 

One drawback of these techniques is that they 
require a large amount of time, sometimes on the or- 35 
der of hundreds of hours. The densification must be 
performed slowly so that the pores on the outside of 
the preform do not get filled before the pores on the 
inside of the preform. Were the pores on the outside 
of the preform to be blocked before densification of 40 
the interior portions, insufficient precursor would 
reach the inner portions of the preform and it would 
not be fully densified. 

One approach to avoid this problem is revealed 
in US-A-4,472,454 (which is hereby incorporated by 45 
reference). In that specif ication, the preform is placed 
in a reaction vessel and covered with a precursor liq- 
uid. A coil outside of the reaction vessel is used to In- 
ductively heat the preform. The preform is heated hot 
enough to boil the liquid precursor and pyrolyze the so 
vapor generated when the liquid boils. We theorize 
that the liquid cools the preform at its exterior, there- 
by creating a thermal gradient through the thickness 
of the preform. The interior of the preform, since it is 
not cooled by the boiling liquid, is hot enough to pyr- 55 
olyze the vapor. In this way d nsif ication occurs pref- 
erentially at the interior of th preform. The overall 
densification occurs from th inside outward. Densi- 



fication can, thus, be performed at a higher rate with- 
out concern that the pores at the exterior will be 
blocked and prevent densification of the preform in- 
terior. 

While the densification process as described in 
US-A-4,472,454 reduces the time needed to densify 
a preform, we have discovered several ways in which 
the process could be improved. 

First, in densifying a preform, it is desirable to 
have the induction coil conform to the shape of the 
preform. It is also desirable to have the preform as 
close as possible to the induction coil. These require- 
ments are important to provide uniform and efficient 
heating of the preform. Uniform heating is important 
to provide a desirable densification. 

To adjust the apparatus of US-A-4,472,454 to 
meet these requirements entails reshaping the coil 
based on the shape of the part to be densified. It also 
entails reshaping the reaction vessel and coil for each 
part Such a requirement is undesirable because it 
can be costly or time consuming. Moreover, we have 
discovered that cooling due to the boiling of the liquid, 
which is needed to create the desired temperature 
gradient, does not occur if the reaction vessel is too 
close to the preform. If walls of the reaction vessel are 
too close to the preform, a phenomenon called "vapor 
lock" can occur. In vapor lock, vapor builds up at some 
point between the wall of the reactor vessel and the 
preform, displacing the liquid. Convective heat trans- 
fer away from the preform is greatly reduced at that 
point, creating a hot spot and causing formation of de- 
posits on the outside of the preform. As a result, the 
part is non-uniformly densified. 

With the foregoing background in mind, it is an 
object of this invention to provide apparatus for den- 
sifying fibrous preforms. 

It is also an object to provide a more efficient 
method of densifying fibrous preforms. 

It is a further object to provide a method of den- 
sifying preforms that can readily be adapted to ac- 
commodate different shaped preforms. 

The foregoing and other objects are achieved by 
immersing a preform in a precursor liquid and then 
heating the preform. According to one embodiment, 
the preform is heated by an induction coil immersed 
in the precursor liquid. 

In a second embodiment, the preform is resistive- 
ry heated by connecting It to electrodes. In other em- 
bodiments, multiple methods of heating the preform 
are employed simultaneously. 

The invention will be further described by way of 
example with reference to the following detailed de- 
scription and accompanying drawings in which 

FIG. 1 is a schematic of a reactor for densifying 

preforms; 

FIG. 2A is a sketch fa fixture used to hold a pre- 
form in the reactor of FIG. 1 ; 
FIG. 26 is a schematic of a coil as used in th re- 
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actor of FIG. 1; 

FIG. 3 Is a sketch of a preform heated with an al- 
ternative coil configuration; 
FIG. 4 is a sketch of a preform heated resistively; 
FIG. 5 is a sketch of a preform heated both induc- 
tively and resistively; 

FIG. 6 is a sketch of a preform heated with an al- 
ternative coil configuration; 
FIG. 7 is a graph of densif ication profiles at vari- 
ous power levels; 

FIG. 6 is a representative graph of input power to 
the coil in the reactor vessel versus time; and 
FIG. 9 is a sketch of a preform with a solid core. 
FIG. 1 shows a reactor 100 suitable for perform- 
ing rapid densif ication according to the method de- 
scribed in US-A-4,472,454. When an induction coil, 
such as coil 104, is used to heat a preform, reactor 
100 is preferably made from nonmagnetic materials 
such as quartz, glass, stainless steel, ceramic, PMC 
or combinations thereof. 

Reactor 100 contains a cavity 102 in which a pre- 
form (not shown) is densif ied. In operation, cavity 102 
is filled with a precursor liquid sufficient to at least 
cover the preform (not shown). The precursor liquid 
is any liquid which will boil and create a vapor contain- 
ing chemicals that will deposit at a temperature to 
which the preform (not shown) can be heated. The 
precursor liquid should also be a dielectric. Prefer- 
ably, the dielectric constant of the reagent liquid 
should be above 0.5, more preferably above 1, and 
most preferably above 1.5. To deposit carbon on the 
preform, a hydrocarbon with appropriate boiling point 
such as cyclohexane, n-hexane or benzene could be 
used. To deposit silicon carbide, met hyltrichlorisilane, 
dimethyldichlorosilane, methyldichlorosilane or other 
organosilane ororganosilane mixtures could be used. 
Also, the reagent liquid could be chosen to co-deposit 
materials. For example, a mixture of silicon carbide 
and silicon nitride can be deposited using tris-n- 
methyl amino silane or other silazane compound. 

Within cavity 102, an induction coil 104 is posi- 
tioned. In operation, induction coil 104 will be covered 
by the precursor liquid and operated to heat the pre- 
form {not shown). Coil 104 is made from copper or 
other highly conductive material which does not react 
with the precursor liquid even if heated. 

Electricity is provided to coil 104 through busses 
106. Busses 106 are made of a highly conductive ma- 
terial, here copper. Currents of hundreds of amperes 
to thousands of amperes are preferably used to pro- 
vide sufficient power to heat the preform (notshown). 
Because of the large amount of current, busses 106 
must have sufficient cross section to avoid excess 
heating. Busses 106 may contain water passages 105 
to carry cooling water through busses 106 and 
through coil 104. 

Busses (106) are connected to a power supply 
(not shown). An AC supply is used. Th voltage, cur- 



rent, frequency and shape of coil 104 ar determin d 
by the shape and geometry of the preform as well as 
preform properties using known techniques used to 
s design induction heating apparatus. Typically, the vol- 
tage will be in the range from 5 to 750V. The frequency 
will be in the range of 0.1 KHz to 300MHz. 

Busses 1 06 pass through seal 1 07 to enter cham- 
ber 102. As chamber 102 contains a precursor liquid 
10 during operation, seal 1 07 must be resilient and also 
resistant to chemical attack by the precursor liquid. It 
should also electrically insulate busses 106 from re- 
actor 1 00 in the event reactor 1 00 is formed from con- 
ducting components. For example, silicone rubber 
15 could be used to seal the opening in reactor 100 
through which busses 106 pass. 

It is a matter of convenience that busses 106 en- 
ter the lower portion of reactor 100. If busses 106 en- 
tered the upper position of reactor chamber 102, seal 
20 107 would still be needed. It would not have to prevent 
the escape of liquid, but it would have to prevent the 
escape of vaporfrom chamber 102. Busses 106 could 
even enter chamber 102 by moving down stack 136, 
in which case no special seal would be needed. How- 
25 ever, it is desirable to keep busses 106 as short as 
possible to reduce power loss in the busses. 

Precursor liquid is supplied to reactor 100 
through precursor input 108 via valve 110. Initially, 
chamber 102 is filled with precursor liquid at least of 
30 sufficient quantity to cover the preform (not shown). 
In operation, precursor liquid may be consumed in the 
deposition reaction or escape from reactor 1 00 as va- 
por. Accordingly, precursor Input 108 may be utilized 
during operation of reactor 100 to replace precursor 
35 liquid which is dissipated. 

During a densification operation, the liquid pre- 
cursor may become clouded. Accordingly, valve 114 
may be opened to allow precursor liquid to flow 
through reagent return 112 to filter 116 where it is f il- 
40 tered and pumped back into reactor 100. Filter 116 
may be any suitable filter such as a porous ceramic 
screen or, more preferably, charcoal. 

The reagent liquids as used herein are potentially 
inflammable. Accordingly, it is preferable that the 
45 densification operation be performed in an inert at- 
mosphere. For example, nitrogen gas may be used. 
To purge cavity 1 02 of air, valve 120 is opened to allow 
nitrogen to flow through input 118. Valve 124 may be 
opened to more rapidly and effectively purge vapor 
» recovery system 1 30. Once the atmosphere in cham- 
ber 102 is replaced by nitrogen, valve 128 may be 
opened to provide nitrogen directly into vent stack 
136. This flow of nitrogen wOl prevent air from reach- 
ing cavity 102 and valves 120 and 124 may be closed. 
5 Closing valves 120 and 124 reduces the flow of gas 
through vapor r covery system 130. Vapor recovery 
syst m 130 may therefor operate more efficiently. 

Vapor recovery system 130 is a system of the 
type known in the art for recovering vaporized liquids. 
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Such a system will reduce the amount of waste gen- 
erated in the process and the amount of precursor 
used. 

In operation, a preform (not shown) is placed in s 
cavity 102 in close proximity to coil 104. Example coil 
locations are shown in more detail in FIGs. 3, 5, and 
6. The preform is preferably placed in a support fix- 
ture to firmly hold the preform at a constant position 
in relation to the reactor and coil. The exact shape of 10 
the fixture is based on the shape of the preform. Such 
a fixture could be supported in any convenient way, 
such as on lip 132. 

It may be desirable to use different sizes or 
shapes of coils based on the shape of the preform, is 
For this reason, coil 104 is connected to busses 106 
at connector 134. Connector 134 continues the elec- 
trical circuit comprising busses 106. It also continues 
the water flow circuit formed by channels 105. Con- 
nector 134 may simply be a block of metal allowing 20 
anchoring points for screws (not shown) to hold the 
base of coil 104 to busses 106. The joints in the water 
flow circuit could be sealed by flexible "O" rings or in 
some other convenient fashion. The material must be 
resistant to degradation in both water and the precur- 25 
sor liquid. Viton or silicone rubber may be used for this 
purpose. Other attachment arrangements, such as 
slots and grooves or clips, could also be used. 

FIG. 2A shows a sketch of a mounting fixture 200 
for use in conjunction with the reactor of FIG. 1. Fix- 30 
ture 200 contains a ring 202 of appropriate size to seat 
on lip 132 (FIG. 1). Screws 203 pass through ring 202. 
Screws 203 may be screwed into lip 132 (FIG. 1) to 
attach fixture 200 to reactor 100 (FIG. 1). Alternative- 
ly, screws 203 mayjustreston lip 132 (FIG. 1). In this 35 
way, screws 203 act to adjust the vertical angle of fix- 
ture 200 relative to lip 132 (FIG. 1). 

Being able to adjust the vertical angle of fixture 
200 can be useful if coil 104 is fixedly attached to re- 
actor 100 (FIG.1 ). As f ixture 200 holds a preform, ad- 40 
justing the vertical angle of fixture 200 will also adjust 
the position of the preform relative to coil 104. As it is 
preferable that the preform be positioned so as to be 
concentric with the coil, being able to adjust either the 
location of the preform or the coil is desirable. 45 

Fixture 200 comprises vertical members 204A 
and 204B. A horizontal member 206 spans vertical 
members 204A and 204B. A post 208 is attached to 
horizontal member 206. A preform is attached to post 
208 in any convenient way. For example, if the pre- 60 
form is woven around a mandrel, a pin through the 
mandrel might be inserted into post 108. As horizontal 
members 204A and 204B, vertical member 206 and 
post 208 will be in close proximity to induction coil 
104, it is preferable that they be made of nonmagnetic 55 
material (having a magnetic permeability of approxi- 
mately 1). They should, however, be of a material 
strong enough to provide support to the preform. 
Glass poxy composite could be us d. As post 208 



may be in contact with a preform which is heat d, it 
should be made of a material which is a good thermal 
insulator and can withstand high temperatures. Post 
208 is more preferably made from quartz. 

To ensure the proper relationship between a pre- 
form and coil 104, it may be desirable to secure coil 
104 directly to fixture 200. Coil 104 could then be se- 
cured to vertical member 204 with non-conducting 
pins 210. 

FIG. 2B shows coil 104 in greater detail. Option- 
ally, coil 104 is made of a plurality of coil segments 
251, 252, 253, and 254 electrically connected In par- 
allel. Coil segments 251-254 are connected to con- 
ducting rods 260Aand 260B. Busses 106, which sup- 
ply power to coil 104 are connected to conducting 
rods 260A and 260B. As shown in FIG. 2B, busses 
106 are connected to the center of conducting rods 
260A and 260B. Coil segments 251-254 are thus 
symmetrically disposed around the source of power. 
As a result, any voltage drops, which may be signifi- 
cant when large currents are used, are averaged out 
along the length of coil 104. More uniform heating of 
a preform thus results. 

To provide more uniform heating, the length of 
each coil segment may optionally be different For ex- 
ample, since coil segments 252 and 253 are closer to 
the power feed from busses 106, they could be made 
longer, such as by having more turns, than coil seg- 
ments 251 and 254. Coil segments 252 and 253 could 
be sized such that the resistance in the circuit from 
busses 106 through any coil segment 251-254 is 
Identical. 

Coil 104 may optionally be designed to have non- 
uniform turn density along its length to account for 
gravity effects on the process. For example, vapor 
generated by the boiling precursor liquid will rise 
along the preform. The amount as well as the velocity 
of the vapor will be greater at the top of the preform 
than atthe bottom. Asa result, heat transfer out of the 
preform may be different at the top than at the bot- 
tom. To counter this effect it is possible to structure 
coil 104 to provide different heating at the top of the 
preform. For example, the turn density of the coil 
could be less at the top or the spacing between the 
coil and the preform could be less at the top. 

EXAMPLE 1 

A tubular preform of 1 .5" inside diameter and wall 
thickness of 38 to 40 mils and 6 inches long was built 
up from a plurality of overlapping sheets of conven- 
tional carbon/phenolic material In a format called In- 
volute wrap. The preform was carbonized by heating 
in excess of 650°C. Initial bulk density of the preform 
was 1.3g/cc. Th preform was densified in a r actor 
as shown in FIG. 1 with cyclohexane as the precursor 
liquid. A graphite core was placed in th cent r of the 
tub to act as a susceptor. The power supply provided 



7 EP 0 592 239 A2 8 



30 kWatts at a frequency of 1 60kHz. Preform t mper- 
atures between 900 and 1500°C were achieved. After 
4 hours, the bulk density was 1,83g/cc and apparent 
density as determined by mercury porosimetry was 
2.01g/cc. The porosity of the part was very low, 6.2%. 
Testing showed that the tube had a compressive 
strength of 26.3 ksi and a modulus of 44.1 msi. 

FIG. 3 shows the relationship of a preform 302 to 
a cofl 304 inside a reactor 300. Preform 302 is in the 
center of coil 304 and both are immersed in a precur- 
sor liquid 308. 

For induction heating applications, the coil is gen- 
erally shaped to conform to the part to be heated. The 
diameter of the coil might be smaller where the diam- 
eter of the part is smaller. Alternatively, the turn den- 
sity of the coil can be increased in areas where the 
object to be heated is further from the coil. 

Coil 304 could be shaped to conform to preform 
302. Alternatively, a second coil, coil 306, may be in- 
serted inside preform 302. The current flow through 
each coil should be such that the magnetic flux gen- 
erated by each coil are in phase in preform 302. Pre- 
ferably, both coil 304 and 306 are connected to the 
same power supply to ensure that the currents 
through them are in phase. The arrangement of FIG. 
3 is, of course, only useful for hollow preforms. With 
both coils 304 and 306 in place, the magnetic flux is 
more uniform throughout preform 302. Regions of 
preform 302 which are further from coil 304 and thus 
not effectively heated by coil 304 are closer to coil 306 
and more effectively heated by it. In this way, uniform 
preform heating may be achieved without specifically 
engineering a coil for each preform. 

FIG. 4 shows an alternative method of heating 
preform 402. Here, preform 402 is in the shape of a 
bar or a rod. Preform 402 is clamped between elec- 
trodes 404. Preform 402 is clamped in any convenient 
means to provide good electrical and mechanical con- 
nections. 

Electrodes 404 are made from any convenient 
material which can carry the current required to den- 
sify the part without heating significantly or reacting 
with the precursor liquid. 

Here, electrodes 404 are made from three quar- 
ter inch copper rods which have slits 406 formed in 
them. Copper shims 408 are placed in the slot around 
preform 402. The shims 408 are pressed into preform 
402 by bolts 410 tightened onto threaded ends 412 of 
electrodes 404. 

In operation, preform 402 is placed in a precursor 
liquid 414. Electrodes 404 are connected to a power 
supply (not shown) which provides a current flow 
through preform 402 which heats preform 402. When 
the resistance of the preform is low, such as when the 
preform is made of carbon fiber or is made of som 
fiber held together by a carbonized resin, a high cur- 
rent supply is pr f rable. The amount of current need- 
d will depend on the cross sectional area of preform 



402 as well as its resistivity. However, the current 
should be sufficient to heat some part of preform 402 
above the pyrolysis temperatur of precursor liquid 
5 414. Currents on the order of 1,000 amperes are like- 
ly to be needed, though the exact current level may 
be set empirically based on temperature measure- 
ments of the preform. Direct current is preferable, but 
AC current might also be used. It may also be neces- 
10 sary to change the current as the densif ication of pre- 
form 402 proceeds. As preform 402 becomes more 
dense, its resistance is likely to decrease, requiring an 
increase in current to maintain the same level of heat- 
ing. For that reason, it may be preferable to use a pyr- 
15 ometer to continuously or periodically measure the 
temperature of the preform and then adjust either the 
voltage of the supply to keep the desired current or 
to adjust the current directly. 

The apparatus of FIG. 4 is particularly suitable for 
20 densifying preforms in shapes with uniform cross 
sections, such as bars or rods or tubes with uniform 
diameter and wall thickness, flat plates, or other 
shapes with a uniform cross sectional area perpen- 
dicular to the direction of cur rent flow. Such preforms 
25 may be in the finished, or "net" shape. Alternatively, 
disks or other shapes may be cut out of the rod, bar, 
fiat plates or other shapes after densif ication. In this 
way, parts with non-uniform cross sections may be 
densif led. Alternatively, several parts may be cut out 
30 of one densif ied piece, effectively allowing several 
parts to be densif ied simultaneously in one reactor 
with only one power supply. 

FIG. 4 shows preform 402 oriented horizontally In 
a reactor vessel. Any orientation could be used. 
35 FIG. 5 shows an alternative configuration for den- 
sifying a preform 502. Preform 502 is placed inside 
an induction coil 504. The ends of preform 502 are 
coupled to electrodes 506. When coupled to appropri- 
ate power supplies as described above, coil 504 pro- 
40 vides induction heating of preform 502 and electrodes 
506 facilitate resistive heating. 

Preform 502 contains a concave region 508. For 
uniform heating using resistive heating, preforms 
with concave regions or regions of nonuniform cross 
45 section are generally undesirable as the current den- 
sity and hence the heating, increases in concave re- 
gions. Likewise, concave regions are detrimental to 
uniform heating using inductive heating since, with- 
out a special coil design, concave regions are not 
so heated as well as surrounding areas. However, using 
both resistive and inductive heating tends to provide 
more uniform heating since hot spots associated with 
resistive heating tend to be canceled by cold spots of 
inductive heating. Accordingly, it is possible to uni- 
55 formly heat preform 502 without a special coil design 
to conform to the contours of preform 502. 

The combination of resistiv and inductiv heat- 
ing also provides an advantage in allowing better con- 
trol of preform heating. For the preform to densrfy 
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most fully, it is desirabl that the center of the preform 
initially be heated above the pyrolysist mperatur of 
the precursor liquid. A temperature gradient is estab- 
lished decreasing from the center of the preform to 
the periphery due to the cooling effect of the precur- 
sor liquid. With this temperature distribution, deposi- 
tion of densifying material preferentially occurs at the 
center of the preform. As densification proceeds, it is 
desirable that regions of the preform moving succes- 
sively radially outward from the center exceed the 
pyrolysis temperature. Resistive heating generates 
heat nearly uniformly across the cross section with 
only second order differences due to the change in re- 
sistivity due to the temperature gradient With the 
precursor liquid cooling the exterior of the preform, 
the resulting temperature profile is hottest in the cen- 
terand coolest atthe edge. Additionally, for some pre- 
forms, the resistance will drop with increased temper- 
ature such that current, and hence additional heat 
generation, will be concentrated at the hotter Interior 
portions of the preform. This temperature distribution 
is well suited for the start of the densif ication cycle. 

Conversely, induction coil 504 causes heat to be 
generated in greater amounts near the periphery of 
the preform. The amount of heat generated drops to 
14% of its maximum value at the skin depth. The skin 
depth is in turn a function of frequency, decreasing in 
inverse proportion to the square root of the frequen- 
cy. By appropriately selecting frequency using known 
techniques familiar to those skilled in the art of induc- 
tion heating, induction coil 504 may provide greater 
heating atthe periphery of the preform. This heat dis- 
tribution is desirable at the end of the densif ication cy- 
cle. Accordingly, desirable results can be achieved by 
initially heating preform 502 resistively and then in- 
creasing the current through coil 504. Current 
through electrodes 506 could be simultaneously de- 
creased if desired. 

Asimilar heat distribution during the densif ication 
cycle could also be obtained by an induction coil 
above. The frequency of the power supply is initially 
set to provide a skin depth of roughly one quarter to 
one third the diameter of the preform. This skin 
depth, taking into account heat transfer out of the pre- 
form, will provide maximum heat accumulation at the 
center of the preform. Ideally, the power in the coil will 
be set to heat the preform to slightly above the pyrol- 
ysis temperature of the precursor liquid while the pre- 
cursor liquid cools the remainder of the preform to be 
below the pyrolysis temperature. As the center of the 
preform densif ies, the frequency of the power supply 
can be increased to heat the preform to slightly above 
the pyrolysis temperature in regions slightly displaced 
from the center. Also, the power supplied in the coil 
may be slightly reduced to ensure that the remainder 
of the preform remains below the pyrolysis tempera- 
ture of the precursor liquid. Adjustments can b mad 
in this fashion until the preform is fully densif ied. Th 



exact rate of change of frequency and power will de- 
pend on the shap and composition of the preform 
and may need to be determined empirically. 
5 Even if an induction coil is used without a resis- 
tive source, a desirable result may be obtained by in- 
creasing the power to the induction coil as the densi- 
f ication cycle proceeds. 

FIG. 7 shows three curves useful in understand- 
to ing how increasing power during the densif ication cy- 
cle can provide more complete densif ication. FIG. 7 
shows curves 702, 704, and 706, each of which 
shows the density of a densifled preform as a func- 
tion of distance from the center of the preform thick- 
15 ness. Curve 702 is made at a relatively low input pow- 
er The density is a maximum at the centerline. This 
densification pattern results because the center 
heats to a temperature sufficient to cause pyrolysis of 
the precursor liquid. The outside of the preform is 
20 cooled such that no pyrolysis and associated depos- 
ition reactions result. Curve 706 is made at a relatively 
high input power. Maximum density occurs at the per- 
iphery because the periphery heats to a temperature 
high enough to cause pyrolysis of the precursor. Pyr- 
25 olysis causes deposits which block the infiltration of 
the precursors into the center of the preform. Curve 
704 is made at an intermediate power and shows a 
maximum density intermediate the centerline and 
the periphery. 

30 To provide improved densification, it is desirable 
to initially use a power P 0 , such as was used to create 
curve 702. At the end of the densification cycle, it is 
preferable to use a power, P f , such as was used to cre- 
ate curve 706. In between, it is better to use a power 

35 which gives a curve such as 704. FIG. 8 shows a 
curve of desirable levels of input power as a function 
of time, P(t), during the densification cycle. The power 
is initially set at P 0 . At the end of the densification cy- 
cle at time T ft the power equals P f . During the densi- 

40 fication cycle, the power is increased. As shown in 
FIG. 8, the power is increased in proportion to time, 
t, raised to the power n. This relationship is desirable 
because the chemical reaction which causes depos- 
its increases with increasing temperature. Thus, less 

45 time is needed to densify the outer portions of pre- 
form. Also, the other portions of the preform densify 
to some extent while the interior is being densif ied. As 
a result, the peripheral portions of the preform den- 
sify much faster than the interior and less time Is 

so needed to densify the outer portions of the preform. 
The values of a, P w P ft T f , and n depend on such 
things as preformsize and geometry as well asonthe 
specific precursor liquid used. It Is possible to theo- 
retically calculate those values. However, due to the 

55 complicated nature of the phenomena involved, it can 
be preferabl to empirically determine appropriate 
values. Several trial runs, stopped periodically to ob- 
serv the preform and measure its density, may be 
necessary to determine appropriat values. Values of 
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n in the range of 1 to 3 have been observ d to be sat- 
isfactory for preforms as shown herein. However, 
higher values may be desirable for other geometries. 

It should be noted that FIG. 8 shows a continuous 5 
change in power. The power may, however, be in- 
creased in discrete steps. Also, the same pattern of 
varying input power may be used regardless of the 
method of heating the preform. Further, the curve of 
FIG. 8 shows that the power is continually applied. As 10 
described hereafter, it may be beneficial to periodical- 
ly pulse the applied power between an "on" state and 
•off state or a reduced level. If a pulsed power source 
is used, the curve of FIG. 8 represents the power in 
the "on" state. 15 

A further way of controlling the deposition is to 
adjust the pressure in the reactor chamber. Initially, it 
is desirable to cool the periphery of the preform so 
that deposition occurs principally at the interior. Cool- 
ing occurs by boiling or vaporization and convection 20 
of the precursor liquid, in addition to radiative heat 
transfer. Once the center of the preform has been 
densif ied, less cooling of the periphery is desirable so 
that densif ication of the exterior of the preform will 
densify rapidly. To reduce the cooling, the pressure 25 
of the reactor chamber may be altered. For example, 
the pressure might be simply increased by choking off 
vent stack 136. 

As described above, it is desirable to have densi- 
f ication occur preferentially at the interior of the pre- 30 
form. The foregoing process control techniques relate 
to controlling a densification process by controlling 
heating of the preform. It Is also possible to control 
the diffusion of vapor into the preform. 

If more vapor reaches the interior portions of the 35 
preform or the concentrations of vapor in the interior 
of the preform increases, densification will occur pref- 
erentially at the interior of the preform. 

One way to increase the concentration of materi- 
als which will form a deposit in the interior of the pre- 40 
form is to pulse the heating of the preform. Pulsing 
the heating allows by-products generated when the 
vapor forms a deposit to diffuse out of the preform 
when no heating is occurring or heating is reduced. 
For example, if cyclohexane is used as a precursor 45 
liquid, H 2 is generated as a by-product. If the power 
to the coil (when induction heating is used) or the 
power to the preform (when resistive heating is used) 
is periodically interrupted for a period long enough to 
allow H 2 to diffuse out of the preform, when heating 60 
is resumed, more cyclohexane vapor can diffuse into 
the preform. The concentration of the cyclohexane 
vapor will then be higher because the H 2 has dissipat- 
ed. 

The heating needs to be interrupted for a relative- 55 
ly short period of tim . The length of time depends on 
the size of the preform and also the stage of densifi- 
cation. It might take longer for the by-products to dif- 
fuse out of the center f a thick preform then out of 



the edges. As a result, it may be desirable to interrupt 
the heating for longer periods of time during the early 
parts of the densification cycle when the interior of 
the preform is densifying. Heating, preferably, should 
be interrupted for a period of between 0.01 seconds 
and 10 minutes, more preferably 0.01 to 3 minutes. 
Heating should be interrupted at intervals of a length 
inversely proportional to the rate at which the by- 
products are generated, preferably between about 
0.01 seconds and 3 minutes. 

Interrupting the heating also provides an addi- 
tional advantage of making a stronger finished part. 
The strength of the densif ied part is due in part to the 
strength of the deposited material. The strength of 
the deposited material is in turn dictated by its micro- 
structure. As the material is deposited, crystalline do- 
mains grow. The part is stronger though, if all the do- 
mains are small. Interrupting heating long enough for 
the part to cool to a temperature which would cause 
renucleation, results in smaller domains. Domains 
smaller than the diameter of the fiber used to make 
the preform, typically below 5 microns, are consid- 
ered small. 

The heating should be applied to the perform for 
the time it takes the domain to grow to the desired 
size. Times of approximately 0.1 seconds to 5 minutes 
are typical. The heating should than be interrupted 
for long enough for the preform to cool below the re- 
nucleation temperature. Times of 0.01 seconds to 10 
seconds are typical. Since the deposition is exponen- 
tially dependant on temperature, cooling of as little as 
1 0 to 200°C may be sufficient to cause renucleation. 

Controlling the grain size is also important in 
making friction material, such as is used in brakes. 
Smaller domains may lead to a different coefficient of 
friction than larger domains. Controlling the domain 
size thus allows the materials within the desired coef- 
ficient of friction to be made. 

It should be noted that the pulses need not be of 
constant duty cycle or occur at constant intervals. For 
example, as shown in FIG. 8, the power level may 
change during the densification cycle. The pulse 
characteristics might be changed with the power lev- 
el. 

An alternative way to increase the deposition of 
material in the interior of the preform is through the 
use of pressure waves in the liquid precursor. These 
waves are accentuated in the vapor as density waves 
which force precursor into the part and draw by-prod- 
ucts out. In the system as described above, pressure 
waves exist in the liquid due to generation and con- 
traction of bubbles associated with boiling the liquid 
precursor. The magnitude of the waves could be in- 
creased by cooling either the precursor liquid or the 
exterior of the reaction vessel. For example, in FIG. 
1 filter 11 6 could contain a refrigeration section to cool 
the liquid. Alternatively, reactor 1 00 could be jacketed 
by water or some other cooling mechanism. 
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An alternativ approach to generating pressur 
waves in the precursor liquid is to place one or more 
transducers in the precursor liquid. An acoustic or ul- 
trasonic transducer could be used. The transducer 
could be pulsed to generate waves in the precursor 
liquid. Mechanical agitation or stirring of either the 
preform or precursor liquid could also be used. 

FIG. 6 shows an alternative coil arrangement. 
Here, a disk shaped preform 602 is placed between 
"pancake" coils 604. Pancake coils 604 will provide a 
more effective heating in the center of some pre- 
forms, such as preform 602, than would a coil shap- 
ed, for example, as coil 304 (FIG. 3). Pancake coils 
are also useful for preforms in which the through-the- 
thickness resistivity is high or for heating preforms 
which contain edges which would be along the axis of 
a coil such as coil 104 (FIG. 1). 

FIG. 6 shows pancake coils 604 to have uniform 
spacing between successive turns. Nonuniform 
spacing may be desirable in some instances. For ex- 
ample, if preform 602 is a disk with a hole in its center, 
the turn density might be increased in the region half- 
way between the outside of the preform and the out- 
side of the hole in the center of the preform. Design 
techniques conventionally used for induction heating 
systems are preferably employed. 

FIG. 6 shows preform 602 resting on an open 
mesh 610. Open mesh 610 or other similar support 
structure holds preform 602 while still allowing pre- 
cursor liquid 608 to reach the under surface preform 
602. Generally, preforms for carbon-carbon compo- 
sites are made of fibers held together by resin or 
pitch. The resin or pitch is then heated to a high tem- 
perature, converting it to carbon. The carbon is still 
porous and must still be densified. However, the pre- 
form Is generally fairly rigid and many ways of sup- 
porting the preform are possible. 

The preform of FIG. 6 is called a dry preform be- 
cause it is not held together by carbonized resin or 
pitch. One type of dry preform is a "needled" preform, 
which is made by stacking up layers of fibers and pok- 
ing barbed needles through the stack. The needles 
drag fibers through the layers locking the layers to- 
gether. The resulting preform Is less rigid and may 
need to be supported throughout its length on a struc- 
ture such as a frame or mesh 610. 

Dry preforms also have a higher resistivity than 
a preform held together with resin or pitch, thus, a 
higher frequency to is required heat these materials 
efficiently. As the preform begins to densify, the fre- 
quency may need to be decreased to compensate for 
the decrease in resistivity. Similar adjustments may 
be needed for resistive heating. The current may 
need to be increased to compensate for the de- 
creased resistance. 

For some preforms, very high frequencies will b 
needed to provide ffective induction heating. Resis- 
tive heating as described herein could be us d. Alter- 



natively, high frequency energy can be g nerated 
from a microwave source rather than an induction 
coil. If microwaves are to be used, the reactor vessel 
5 should be made from a material which reflects micro- 
wave energy and shaped like a cavity used in a mi- 
crowave furnace. Where necessary, openings in the 
reactor vessel must be smaller than one quarter wave 
length of the frequency used or covered with a con- 
to ductive mesh having openings less than one quarter 
wavelength. Frequencies in the range of 300MHz to 
300GHz could be used, more preferably, frequencies 
in a range of 915MHz to 2.45GHz could be used. 
An alternative to using such a high frequency 
15 power source is to incorporate a susceptor into the 
preform. A susceptor is a material which will heat 
readily. Heretofore, graphite pieces have been used 
as susceptors. FIG. 9 shows in cross section a disk 
shaped preform 900, Preform 900 has a core 904 
20 which acts as a susceptor. Core 904 may be graphite 
or may be carbon or some other material which read- 
ily heat when exposed to energy of the type generat- 
ed by the heating source in use. 

The porous portion 902 of preform 900 surrounds 
25 core 904. Portion 902 may be applied by molding con- 
ventional carbon/phenolic material around core 904. 
As an alternative, a sheet of carbon felt might be 
placed above and below core 904. The sheets of car- 
bon felt might then be needled together. 
30 Core 904 might be any susceptor material. A par- 
ticular useful susceptor might be a previously densi- 
fied disk. For example, aircraft brakes are made from 
carbon/carbon disks. In use, the disks wear down and 
are usually discarded. If those worn disks were ma- 
35 chined down, they could be used to form core 904 to 
make new.disks. In this fashion, used disks are ac- 
tually turned into new parts. 

Having described various embodiments of the in- 
vention, one of skill in the art may make various al- 
40 ternative embodiments without departing from the in- 
vention. Limitless reactor shapes are possible. Many 
suitable materials could be found for making the 
equipment described herein. Also, porous billets in 
the form of fibrous preforms have been described, 
45 but many types of preforms could be densified with 
the method and apparatus defined herein. Further, 
carbon fiber preforms densified with carbon have 
been used as an example. Carbon fiber preforms 
could be densified with ceramics or ceramic fibers 
50 could be densified with either carbon or ceramics. 
Also flux concentrators could be used in conjunction 
with induction coils as described herein. For example, 
FIG. 6 shows a pancake coil, which produces a sym- 
metrical field pattern. Flux concentrators such as fer- 
55 rite balls or the commercial product Fluxtrol flux con- 
centrator sold by t he Fluxtrol Company could be used. 
The flux concentrator might, for example, be placed 
on the outside portions of the coil away from th pre- 
form to direct more of th g nerated flux towards the 
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preform. Accordingly, the invention should be limited 
only by the spirit and scope of the appended claims. 



Claims 

1. A reactor (100) for densifying porous billet (302, 
402, 502, 602) by heating the billet in a precursor 
liquid characterized by a means, within the reac- 
tor, for heating (104, 304, 404, 504, 604) the por- 
ous billet to a temperature sufficient to cause the 
precursor liquid to pyrolize and deposit material 
within the pores of the billet. 

2. The reactor of claim 1, characterised in that the 
means for heating comprises an induction coil 
(104, 304, 504, 604). 

3. The reactor of claim 2 characterised by addition- 
ally comprising a fixture (200) for holding the pre- 
form and for holding the induction coil. 

4. The reactor of claim 1 , 2 or 3 characterised in that 
the means for heating comprises electrodes 
(404) with connectors adapted to make electrical 
contact to the preform. 

5. The reactor of claim 4, characterised in that the 
electrode comprises a conducting element hav- 
ing a slot (406) therethrough adapted to receive 
the preform and a nut (410) threaded onto the 
conducting element 

6. The reactor of any one of claims 1 to 5, charac- 
terised by additionally comprising means for cool- 
ing the precursor liquid. 

7. The reactor of any one of claims 1 to 6, charac- 
terised by comprising means for generating 
waves in the precursor liquid. 

8. The reactor of claim 7, characterised in that the 
means for generating waves comprises a trans- 
ducer. 

9. A method of densifying porous billets, character- 
ised in that the bOlet is heated in a reactor as de- 
fined En any one of claims 1 to 8. 

10. The method of claim 9 characterised in that the 
step of heating comprises interrupting the heat- 
ing for periods between 0.01 seconds and 10 
minutes. 

11. The method of claim 10 characterised in that the 
heating Is interrupted at intervals ranging from 
0.1 seconds to 5 minutes. 
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12. The method of claim 10 or 11 characteris d in 
that the period of interrupted heating decreases 
during the densification cycle. 

13. Amethod of densifying a porous billet by heating 
the billet while immersed in a precursor liquid, 
characterized by heating the billet by a first heat- 
ing method and by a second heating method to 
a temperature sufficient to cause the precursor 
liquid to form a deposit within the pores of the bil- 
let 

14. The method of claim 13 characterised in that the 
step of heating comprises heating simultaneously 
by the first heating method and the second heat- 
ing method. 

15. The method of claim 13 characterised in thatthe 
step of heating comprises first heating solely by 
the first heating method and then heating simul- 
taneously by the first and second heating meth- 
ods. 

16. The method of claim 13 characterised in that the 
ratio of heating provided by the first heating 
method to the second heating method monoton- 
ically increases. 

17. The method of densifying a porous billet, com- 
prising the steps of: 

a) immersing the billet in a precursor liquid; 

b) heating the preform to a temperature which 
causes the precursor liquid to boil and which 
causes the precursor liquid to convert to a de- 
posit within the pores of the billet; and 

c) creating waves in the precursor liquid. 

18. The method of claim 17 characterised in thatthe 
step of creating waves comprises creating waves 
by actuating a transducer in the precursor liquid. 

19. The reactor or method of any one of claims 1 to 

18, characterised in that the precursor liquid 
comprises an organosilane. 

20. The reactor or method of any one of claims 1 to 

19, characterised in that the precursor liquid 
comprises a hydrocarbon. 

21. The method of densifying a porous billet im- 
mersed in a precursor liquid, characterised in that 
the energy provided to heat the billet is increased 
as the billet densif ies. 

22. The method of claim 23, wherein the nergy in- 
creases according to the formula Po + f where 
Po is an initial power, is a constant, n is a constant 
and t represents time. 
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THROUGH THICKNESS 



Fig. 7. 
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